, which can then bind to RNA polymerase and direct transcription of genes under its control. The ability of SpoIIAA to disrupt the Summary SpoIIAB-F complex is determined by its phosphorylation state; only dephosphorylated SpoIIAA can effect The activity of the transcription factor F is confined to the release of F from the complex (Duncan et al., 1996).
one (the forespore) of two cells created by asymmetric
The phosphorylation state of SpoIIAA is governed by division during sporulation in B. subtilis. We show that SpoIIAB itself, which is both a protein kinase and an , 1996) . after division. We hypothesize that because spoIIAB A clue to the nature of the mechanism that restricts enters the forespore late, SpoIIAB lost to proteolysis the activity of F to the forespore came from the discovis temporarily not replenished. Thus, chromosome ery that the SpoIIE phosphatase, an integral membrane asymmetry would be translated into the asymmetric protein with ten membrane spanning segments in its distribution of SpoIIAB. Supporting this idea, transpo-N-terminal region (Arigoni et al., 1999), localizes specifisition of spoIIAB to sites present in the forespore at the cally to the polar septum (Arigoni et al., 1995). The septal time of division impaired sporulation when a second localization of the SpoIIE phosphatase and the possible pathway that participates in F activation was disdependence of its function on its proper localization abled.
could be, in principle, a mechanism to delay F activation until asymmetric division. Also, sequestration of SpoIIE Introduction to the septum would be expected to increase the ratio of phosphatase to kinase in the forespore (due to the A major challenge in developmental biology is the probsmaller volume of the forespore) and thereby bias F lem of understanding how transcription factors are actiactivation to the small chamber of the sporangium. Howvated in a cell-specific manner during differentiation ever, cells producing a truncated form of SpoIIE that (Horvitz and Herskowitz, 1992). A paradigm for this problacks the membrane spanning segments (SpoIIE⌬mem) lem is the cell-specific activation of the sporulation tranare capable of sporulation and of F activation in a cellscription factor F in B. subtilis. Asymmetric division specific manner, although not as efficiently as in the during sporulation generates dissimilarly sized progeny wild-type (Arigoni et al., 1999). The truncated SpoIIE called the forespore (the smaller cell) and the mother protein is uniformly distributed throughout the cytocell, which exhibit differential gene transcription (Errplasm of the sporangium, suggesting that although ington, 1996; Losick, 1996 . We also show that permanent exclusion of spoIIAB from the forespore through the use of a mutant of the SpoIIIE DNA translocase causes hyperactivation of the forespore transcription factor. In toto, our results provide evidence for a novel mechanism for the establishment of cell-specific gene activation in which the spatial asymmetry of a chromosome is translated into the asymmetric distribution of an unstable regulatory protein.
Results

Effects of Chromosomal Position of spoIIAB on Sporulation
A series of strains were constructed that contained a single copy of spoIIAB under control of its native promoter at seven different chromosomal positions ( Figure  2A ). Sporulation was only mildly impaired in these strains (Table 2 ). Importantly, this synergistic effect depended upon the chromosomal location of genes located outside this origin-proximal region are transiently excluded from the forespore ( Figure 1A ). BespoIIAB in that doubly mutant cells harboring a single copy of spoIIAB at any of four origin-proximal positions cause the entire spoIIA operon comprising the genes encoding SpoIIAA, SpoIIAB, and F is located in one of (337Њ, 18Њ, 25Њ, 33Њ) were more impaired in sporulation than SpoIIE⌬mem mutant cells containing spoIIAB at the last regions of the chromosome to enter the forespore, the gene for the SpoIIAB anti-F factor is initially its native position in the spoIIA operon (209Њ) or at three other origin-distal locations (94Њ, 176Њ, 294Њ). not present in the forespore. Whereas degradation of SpoIIAB would be expected to occur in both the mother
In the experiments described above, spoIIAB was transposed to various positions around the chromocell and the forespore, the absence of spoIIAB would prevent the anti-F factor from being replenished in the some whereas the two other genes (spoIIAA and spoIIAC) of the spoIIA operon remained at their original position. forespore. This would cause a decrease in SpoIIAB levels in the forespore relative to its more stable partners, To test whether the chromosome position effect was due to the position of spoIIAB per se and not to its (B) Congenic strains containing spoIIE⌬mem as well as single copies of spoIIAB or the spoIIA operon at various chromosomal positions were assayed for the production of heat-resistant spores by growth for 24 hr in DS medium followed by heat treatment. Sporulation is expressed relative to that of a strain containing a wild-type spoIIA locus, which is set at 1.0. Sporulation values reported are the means of at least three experiments. For sporulation efficiencies Ͼ0.1, the variability was within 50% for all measurements; for sporulation efficiencies Ͻ0.1, the variability was less than 3-fold.
spoIIAB expression differs systematically between oriwas located at origin-proximal positions (337Њ, 18Њ, 25Њ, 33Њ), ␤-galactosidase activity was markedly lower than gin-proximal and origin-distal positions. We think that this is not likely for two reasons. The results showed that cells producing the mutant protein were modestly impaired in sporulation ‫,%03ف(‬ TaTo investigate whether the sporulation defects observed were due to impaired F activation, a lacZ reporter gene ble 1). However, and in accord with the prediction of the model, cells producing both delocalized phosphatase fused to a gene (spoIIQ) under the control of F was introduced into strains producing SpoIIE⌬mem and con-(SpoIIE⌬mem) and protease-resistant SpoIIAB (SpoIIAB-C145E) sporulated ‫-004ف‬fold less efficiently than did taining a single copy of spoIIAB at various chromosomal positions. (Figure 3A) . When a single copy of spoIIAB the wild-type. Moreover, the sporulation efficiency of the In fact, as has been known for some time, promoters hence it would have been present in the forespore in the presence or absence of DNA translocation.) As observed previously, the level of expression of spoIIR-lacZ was much higher in a DNA translocase mutant than in the double mutant was far lower (25-fold) than that expected wild-type. As expected, transposing spoIIAB from its from the simple product of the sporulation efficiencies of normal position (209Њ) to another origin-distal position the two single mutants (Table 1) . Thus, the spoIIE⌬mem (176Њ) had little effect on expression of spoIIR-lacZ in mutation and the spoIIAB-C145E mutation exhibited a the DNA translocase mutant ( Figure 3B ). However, transpronounced synergistic effect on sporulation, which position of spoIIAB to an origin-proximal position (18Њ) was similar to that observed between spoIIE⌬mem and resulted in a strong inhibition of spoIIR-lacZ expression wild-type spoIIAB that had been transposed to originin the spoIIIE mutant, lowering the expression of the proximal positions.
fusion to a level similar to that observed in the wild-type ( Figure 3B ). While this inhibition could conceivably be Specificity of Synergy due to differential synthesis of SpoIIAB and F in the If the synergy observed between spoIIE⌬mem and spoIIABforespore, this appears not to be the case because C145E or mislocalized spoIIAB is specific to the activatranslocation of the entire spoIIA operon to this origintion of F , then synergy should not be observed between proximal position also resulted in a strong inhibition of spoIIE⌬mem and mutations in sporulation genes that spoIIR-lacZ expression (data not shown). We conclude are not involved in the activation of F . The spoIVFA bofB8 that the chromosomal position of spoIIAB contributes mutation affects the activation of a late-stage mother to the activation of F and that this effect is exaggerated cell-specific transcription factor ( K ) and results in a mild in a mutant in which spoIIAB is permanently excluded sporulation defect (Cutting et al., 1990) . A double mutant from the forespore. harboring spoIIE⌬mem and spoIVFA bofB8 exhibited a greater defect in sporulation than strains singly mutant for spoIIE⌬mem or spoIVFA bofB8 , but this defect was apDiscussion proximately the same as would be expected from the product of the effect of the two single mutations (Table  The  F (Table 1) . Thus, synergy with spoIIE⌬mem was observed only with mutations in genes involved in F latory protein, it stands to reason that F is subject to tight temporal and spatial regulation. Here we have preactivation.
sented evidence indicating that two partially redundant pathways help to achieve this tight regulation: a prePermanent Genetic Asymmetry Chromosome translocation into the forespore requires viously known pathway that acts through the localization of the SpoIIE phosphatase to the polar septum and a the activity of the SpoIIIE translocase, an ATP-dependent DNA tracking protein that is located in the polar newly discovered pathway that acts through the transient exclusion of the spoIIAB gene from the forespore septum ( One final point about our transient genetic asymmetry experiments is that they may reveal a subtle but interesting feature of the chromosome segregation process in sporulation. We note that transpositions of spoIIAB close to but on the mother-cell side of the boundary between the two cells at the time of asymmetric division Conceivably, chromosomal position contributes to optimal gene funca regulatory protein can act as a timing device (spoIIR) or as a device for activating a transcription factor in a tion in these bacteria as well. In particular, the localization of some membrane proteins could be determined by spatially restricted manner (spoIIAB).
In light of these findings, it is tempting to imagine that the location of their genes as a consequence of coupled transcription, translation, and insertion into the memthe function of additional genes involved in sporulation is optimized by their chromosomal position. Three apbrane (Lynch and Wang, 1993) . Asymmetric division is a common feature of cell differpealing examples are spoIIE, clpC, and clpP, which are all located in the origin-proximal region of the chromoentiation in microorganisms and higher cells. However, the mechanisms by which the establishment of cell type some and whose products contribute positively to 
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